Abstract: Despite significant improvements during the past 3 decades, cardiovascular disease remains a leading worldwide health epidemic. The recent identification of a fascinating group of mediators known as long noncoding RNAs (lncRNAs) has provided a wealth of new biology to explore for cardiovascular risk mitigation. lncRNAs are expressed in a highly context-specific fashion, and multiple lines of evidence implicated them in diverse biological processes. Indeed, abnormalities of lncRNAs have been directly linked with human ailments, including cardiovascular biology and disease. Of particular interest to the cardiovascular research community, dysregulation in lncRNA regulatory circuits have been associated with cardiac pathological hypertrophy, vascular disease, cell fate programming and development, atherosclerosis, dyslipidemia, and metabolic syndrome. Although techniques in interrogating noncoding RNAs are rapidly evolving, a major challenge in studying lncRNAs remains navigating through multiple technical constraints. In this review, we provide a road map for lncRNA discovery and interrogation in biological systems relevant to cardiovascular disease and highlight approaches to decipher their modes of action. (Circ Res. 2018;122:155-166.
D espite substantial progress in understanding disease mechanisms and the approval of multiple new therapies, for the first time in 3 decades, we are witnessing an increase in overall cardiovascular deaths. 1 Recently, the discovery of an attractive group of molecules known as long noncoding RNAs (lncRNAs) has introduced a new catalog of diagnostic and therapeutic opportunities for cardiovascular risk mitigation. For half a century, the principle that proteins are the primary protagonists of cellar functions has dominated the molecular biology landscape. It has long been appreciated that classes of RNAs, such as transfer RNAs and ribosomal RNAs, have infrastructural importance without encoding for proteins. [2] [3] [4] [5] Thomas Cech and Sidney Altman shared the noble prize in chemistry for their discovery of biological properties of ribozymes, specialized RNAs that catalyze biochemical reactions. 6 However, the notion that RNAs that biochemically resemble mRNA, yet do not template protein, serve important functions had gone largely untested for many years.
A major turning point in our understanding of the complex role of RNAs in genome regulation came with the sequencing of the human genome. Surprisingly, protein-coding genes account for only 2% of the human genome, despite the fact that >90% of the genome is actively transcribed. [7] [8] [9] This apparent discrepancy contradicted the presumed efficiency by which mammalian cells were believed to operate. After all, why would living organisms waste so much of the cellular machinery and resources on a process of little biological consequence? A barrage of subsequent studies revealed that this pervasive transcriptional pattern is in fact biologically relevant, thus catalyzing interest in lncRNAs as players in both physiology and disease. [10] [11] [12] Today lncRNAs are considered important contributors to the diverse RNA community existing within living cells ( Figure 1A ). However, the substantial overlap between subtypes of lncRNAs presents a challenge to a uniform and consistent classification scheme. The vast majority of definitions describing lncRNAs and related transcripts is shown in Figure 1B .
To date, most studies on lncRNAs have focused on their roles in development and differentiation, and many of these findings have had implications for cancer biology. More recently, evidence has begun to emerge that lncRNAs may also participate in diverse additional biological processes and that abnormalities of lncRNAs may be linked to human disease. Cardiovascular biology and disease is one such emerging area of interest. For example, the lncRNA ANRIL was identified in multiple human genome-wide association studies as the most robust predictor of atherosclerotic risk and cardiovascular events. 13, 14 The precise molecular mechanisms of ANRIL, as is the case with vast majority of lncRNAs, remain poorly understood. The past few years have witnessed a rapid increase in number of studies addressing the roles of lncRNAs in cardiovascular disease. lncRNAs have now been associated with diverse cardiovascular conditions and associated risk factors, including pathological hypertrophy and development, vascular disease, atherosclerosis, dyslipidemia, and metabolic syndrome. A major challenge in studying lncRNAs remains navigating through multiple technical constraints. In this review, we provide a road map for lncRNA discovery and interrogation in biological systems relevant to cardiovascular disease and highlight approaches to decipher their modes of action ( Figure 2 ).
Screening for lncRNAs in Biological Systems
Genome-wide transcriptomic approaches form the foundation of screening for lncRNAs, whether examining mammalian cells, tissues, or serum samples. Novel computational approaches using multiple pipelines can easily identify lncRNAs from RNA-seq data. In general, the data can be analyzed using 2 broad approaches: de novo assembly methods using packages such as Bridger, 15 SOAP2, 16 Oases, 17 or Trinity, 18 or alignment against a known standard of defined lncRNAs. The latter approach is increasingly used because lncRNA annotations are rapidly improving. Although knowledge of accompanying chromatin signatures that define active transcription can be helpful, it is not required to identify lncRNAs using sequencing. A subset of lncRNAs showing an element of mammalian conservation is marked by H3K4me3 (trimethylation of lysine 4 of histone H3) at its promoter and H3K36me3 along the transcribed region. 19, 20 This signature is often referred to as K4k36. Although chromatin features can be helpful in defining lncRNAs, there is ongoing debate as to what distinguishes lncRNAs from other noncoding transcriptional units, such as enhancer RNAs. A summary of these features is provided in Table 1 .
In general, enhancer RNAs are thought to be unstable, unspliced, nonpolyadenylated, and less abundant than lncRNAs; however, these definitions use arbitrary cutoffs. For practical purposes, there may be some overlap between enhancer RNAs and lncRNAs transcribed from an enhancer element. Some have proposed the use of the chromatin ratio of H3K4me1/ H3K4me3 to define enhancers. Although this is one of the defining features that distinguish lncRNAs from other transcriptional units, the sole use of chromatin-binding patterns to define transcriptional elements has limitations. 21, 22 Although RNA-seq is the most commonly used highthroughput method for RNA detection, other approaches can also be used, including (1) direct RNA sequencing, which involves sequencing of native RNA bypassing library preparation 23 ; (2) cap-assisted gene expression sequencing, which profiles RNAs with 5′ cap and has the advantage of accurately mapping the 5′ transcript end 24 ; (3) serial analysis of gene expression and paired-end tag-expression methods targeting polyA tail 25, 26 ; and (4) GrRO-seq-a nuclear run-on assay coupled to deep sequencing to asses nascent transcription. 27, 28 More recently, multiple commercially available profiling microarrays have been produced that contain probes for human or mouse protein-coding and noncoding transcripts. [29] [30] [31] The use of microarrays has the advantage of being rapid and efficient and may be comparable with RNA-seq. In our previous experience, differing results can emerge from the 2 methods, although highly enriched lncRNAs were identified by both. 32 Similarly, other studies have found the use of RNA-Seq to be superior in detecting low-abundance transcripts, isoform differentiation, and identifying genetic variants. 33 Several CRISPRi (CRISPR interference)-based libraries have also been developed to tease out functional roles for lncRNAs. 34, 35 A recent study targeted >16 000 lncRNAs in diverse cell lines, including iPSC cells and identified lncRNAs required for robust cellular growth. 34 In addition, several groups have used 37, 38 Several important caveats should be considered when designing a screen for lncRNAs. Many lncRNAs are expressed at low levels. As a group, they have a 10-fold lower median expression level than their protein-coding counterparts, so sequencing depth is an important consideration when interrogating noncoding transcripts. 39 It is often desirable to retain the strand orientation of RNA sequences to differentiate antisense noncoding transcripts, so directional RNA libraries can be prepared. Single-cell sequencing approaches are increasingly being used, but a downside to their use is the need for extensive amplification, which can lead to background noise.
In addition to their low abundance levels, lncRNAs exhibit striking tissue-specific expression patterns, and, therefore, many lncRNAs can be missed unless the correct context and conditions are carefully considered. 34, 39, 40 Many lncRNAs have polyA tails but other types of noncoding transcripts, such as eRNAs, do not, which will influence the optimal library preparation method for sequencing. Finally, it should be noted that computational approaches for analyzing differential expression of assembled transcripts vary substantially. Setting a threshold for lncRNA RPKM (reads per kilobase of transcript per million mapped reads) or FPKM (fragments per kilobase of transcript per million mapped reads) is a somewhat arbitrary decision that can markedly influence the number of identified transcripts. The appropriate number of replicates to use for RNA-seq experiments depends on several factors, including variability in measurements, reproducibility of library preparation, and biological variation. 41 Tools such as Scotty can assist in the design of RNA-seq experiments ensuring adequate statistical power while balancing costs.
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Approach to lncRNA Validation
Validation of differentially regulated lncRNAs is an important step before in-depth functional investigation. Quantitative polymerase chain reaction should be used to confirm screen results and differentiate various isoforms that may exist. A particular challenge in studying lncRNAs is that the annotation of many noncoding transcripts is suboptimal and varies depending on genome build. Consequently, careful examination of aligned reads against available annotations for a given lncRNA can provide clues to transcript sequence. RACE (rapid amplification of cDNA ends) experiments can be used to further define the transcript ends and ensure that the lncRNA is indeed produced independent of neighboring genes. Several available databases provide helpful integrative tools and upto-date annotations, such as NONCODE 43 and LNCipedia. 44 Defining the copy number for a given lncRNA is an important step that often gives clues to the mechanism of action. Several published studies provide detailed protocols on how to perform this step using real-time polymerase chain reaction. 45, 46 In addition, RNA-based high-resolution imaging modalities can further validate the abundance and localization of lncRNAs while fostering hypotheses about their potential biological actions. Single-molecule RNA FISH (RNA fluorescent in situ hybridization)-a technique based on multiple complimentary fluorescently tagged oligonucleotides that hybridize to an lncRNA of interest-may provide insight into patterns of subcellular localization. 47 For example, some lncRNAs, such as Xist, are localized in the nucleus to tight foci, whereas others, including MALAT1 (metastasis-associated lung adenocarcinoma transcript 1), show a more speckled appearance. 48 In addition, single-molecule RNA FISH allows for the use of multiple-color localization validation, which improves precision. Several recent studies used this approach along with DNA colocalization to define the contributions of lncRNAs to ribosomal DNA differential expression. 49 Probes for single-molecule FISH can be designed according to Raj Laboratory protocol. 47 Another alternative is RNAscope-a novel multiplex nucleic acid in situ hybridization technology that has been used to image lncRNAs. 50 One caveat relevant to the application of these techniques in cardiovascular disease is that successful imaging can be highly cell-type dependent. Therefore, judicious titration of fixation settings, protease treatment, and hybridization conditions is often required. From our experience, human macrophage cell lines can be particularly challenging to image because of harsh denaturing conditions required.
To Code or Not to Code
lncRNAs are defined as noncoding transcripts >200 bp. A somewhat challenging aspect of this definition is teasing out what constitutes a coding transcript. This is particularly important in light of multiple recent studies relevant to cardiovascular biology showing that annotated lncRNAs may produce micropeptides. 51, 52 The conserved peptide myoregulin is encoded from a putative lncRNA and has been shown to control muscle relaxation by regulating calcium uptake in the sarcoplasmic reticulum. 51 Bioactive peptides can be remarkably small. For example, the open reading frame DWORFan enhancer of SERCA (sarcoendoplasmic reticulum calcium transport ATPase) activity-is only 34 amino acids long.
52 Table 2 provides a summary of methods that may facilitate the identification of peptide production from lncRNAs.
A common approach is to use prediction models that rely on multiple transcript features, including phylogenic conservation, open reading frame length coverage, alignment features, and codon substitution bias, to predict protein-coding potential. Examples of such tools include Coding-Potential Calculator, 53 Coding-Potential Assessment Tool, 54 and Coding-Non-Coding Index. 55 Easy-to-use web-based interfaces are now available for many coding-potential calculator tools. Nevertheless, such tools alone cannot definitively prove the absence of protein-coding ability. Therefore, additional investigative studies are often required.
Coupled in vitro transcription and translation assays may be informative. Genetic modifications that introduce a protein tag at the end of an open reading frame have also been shown to be a valuable tool. 51, 52 In addition, cellular fractionation analysis can show where an RNA is localized within cells. Ribosome footprinting is a technique that provides a snapshot of the translatome. 56 Intriguingly, multiple footprinting studies provide evidence that lncRNAs do not encode for proteins, while others have questioned these results. [57] [58] [59] Publically available databases archive results on lncRNAs associating with ribosomes in various cell types. 60 Finally, it should be noted that the presence of protein product does not exclude the possibility that the transcript itself may have biological activities uncoupled from the encoded polypeptide. For example, recent intriguing work showed that a radiation-induced lncRNA counteracts the activity of a protein produced from the same gene locus.
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Interrogating Your lncRNA Interactome
As mentioned above, a helpful step in defining the range of interactions for a given lncRNA is figuring out its localization. Predominantly cytoplasmic lncRNAs may function through multiple mechanisms, including influencing the stability of an mRNA, affecting translation initiation, acting as competing endogenous RNAs, or influencing post-translational modification. On the contrary, nuclear lncRNAs may influence transcriptional outputs through multiple mechanisms, including epigenetic modifications, interactions with transcription factors, and affecting mRNA processing or export. 62 Several techniques have recently been developed that can help to characterize lncRNA interactions (Figure 3 ). The chromatin isolation by RNA purification (ChIRP) described by Chu et al 63, 64 was the first of series of chromatin affinity techniques developed to define the repertoire of lncRNA interactions, and the approach has been validated by multiple subsequent studies. 32 ChIRP uses tiling complimentary antisense oligos to capture an lncRNA of interest and probe its interactions. The method can define genome-binding sites for a given lncRNA and, when coupled with mass spectroscopy, allows for the identification of interacting protein partners. ChIRP has been used to reveal complex interactions of Xist, including its association with hnRNP K and Spen (Spen family transcriptional repressor), which are required for gene silencing. 65 ChIRP can even be used to interrogate RNA-RNA interactions, although this has been reported less frequently. 63 Based on the same principle of biotin-tagged oligonucleotide retrieval, RNA antisense purification (RAP) 66 and capture hybridization analysis of RNA targets 67 are 2 other techniques used to investigate the binding patterns and include specific cross-linking protocols and probe design. For example, RAP uses longer probes (≈90 base pair designed with 5′ biotin tags), whereas ChIRP uses 20 nucleotide probes with 3′ tags. Capture hybridization analysis of RNA targets also uses 20 mer olignonucleotides, although it first tests individual olignonucleotides that target accessible regions of a lncRNA using RNase sensitivity. The use of modified protocols that combine elements of multiple designs has been reported to be successful in some cases. For example, we have used a longer RAP probe design with ChIRP in the past. Although nuclear enrichment of samples may be beneficial for interrogating chromatin interactions, it is not necessarily required for any of the above techniques. The use of biotin mimetic lncRNA can also be used as an alternative to the above approaches. In this case, an aptamer sequence (usually 60 bp) is cloned within the expression vector. For example, Zhao et al 68 used this approach to identify an interaction between the lncRNA blnc1 and the transcription factor EBF2 (early B-cell factor 2) that drives thermogenic gene stimulation.
There are several important considerations when applying lncRNA interaction methods discussed above. An advantage of ChIRP is that it allows for the retrieval of the endogenous lncRNA and can be used with cultured cells or tissues. A major limitation is the need to optimize signal-to-noise ratio. It is conceivable that a series of probes may bind directly to DNA elements, which may result in the identification of false-positive binding sites. This is particularly important for lncRNAs that have prevalent repeats, such as LINE (long interspersed nuclear elements) sequences. The use of genetic inactivation controls and RNase treatment before ChIRP can facilitate data interpretation. dCHIRP is a variant that requires prior knowledge of RNA interacting domains. 69 Capture hybridization analysis of RNA targets is more tedious because it involved testing individual probes for retrieval efficiency, but in theory, this method can reduce background noise. Exogenous overexpression can provide evidence for specificity but carries the limitation of interrogating an artificially expressed transcript rather than an endogenous lncRNA. In addition, exogenous tags may interfere with RNA structure.
Although unbiased mass spec approaches have provided valuable insights into lncRNA interactions, a few important technical and interpretive constraints should be considered. First, the use of the above methods coupled with mass spec usually require substantial starting material-typically 200 to 250 million cells per condition. The use of SILAC (stable isotope labeling with amino acids in cell culture) medium is recommended as part of the RAP-MS protocol, but not ChIRP-MS. The inclusion of stringent controls is key to successful chromatin affinity mass spectrometry. We recommend having 2 sets of retrieval probes and 2 sets of control probes (lacZ) as outlined by Chu et al 63 to glean direct interactions from background proteins. As is the case with any mass spectrometry experiment, confirmation of interactions and validation of downstream functional effects is key to substantiating lncRNA protein effects. Precise molecular domains important for lncRNA-binding effects can be challenging to predict, but recent evidence used deletion mutants of a lncRNA to map domains required for molecular interactions. 46 Work by Atianand et al showed that lncRNA-EPS gates inflammatory gene activation through interactions with the transcription factor hnRNPL (heterogeneous nuclear ribonucleoprotein L). The authors used a series of lncRNA-EPS mutants to show that hnRNPL interacted with a distal 3′ nucleotide end of lncRNA-EPS and that ectopic expression of this region of the RNA was sufficient to inhibit inflammation. 46 A more detailed discussion of RNA structural analysis is included below. Because many lncRNAs have been shown to influence chromatin dynamics, ATAC-seq analysis of loss-or gain-offunction models can provide clues to enriched domains and cooperative interactions of lncRNAs. 70 
Structural Analysis of lncRNAs
Deciphering the structure of a specific RNA can give important clues to function and substantiate putative molecular interactions. Computational modeling based on base pairing and physiochemical energetics forms the cornerstone of lncRNA structural analysis. Several RNA-modeling platforms are readily available, including JAR3D, 71 CMfinder, 72 and RNAMotifscan. 73 These packages are also useful when comparing across species because RNA 3D structure may be preserved, despite sequence variation. Another stand-alone computational platform is catRAPID (fast predictions of RNA and protein interactions and domains at the Center for Genomic Regulation, Barcelona, Catalonia), which estimates the binding propensity of protein-RNA pairs using computational algorithms to model base-pair structure, hydrogen bonding, and van der Waals forces. 74 This powerful omics approach can predict RNA-binding motifs in polypeptides and compute the likelihood of a specific RNA-protein interaction. Similarly, RPI-bind is another theoretical framework that predicts RNA-binding regions on proteins, protein-binding regions on RNA, and their interactions. 75 Most recently, multiple techniques that allow for direct mapping of RNA structure using RNA or protein baits have been developed. For example, RAP-RNA is a modification of RAP that uses in vivo cross-linking, antisense oligonucleotides (ASOs) directed against endogenous RNA, and high-throughput RNA sequencing. 66 This method was used to investigate the molecular interactions of 2 RNAs: MALAT1 and U1. 76 Similarly, Proximity ligation and CLASH (cross-linking ligation and sequencing of hybrids) can be used to interrogate RNA structure. 77 Recent work from Howard Chang group described a novel method that identifies base-pairing interactions in living cells at high resolution. PARIS (psoralen analysis of RNA interactions and structures) uses in vivo cross-linking, 2-dimensional purification and proximity ligation to provide high-confidence molecular structure, and interactions of lncRNAs. 78 For example, the authors used this approach to reveal the architecture of Xist, including the molecular basis for its interaction with the RNA-binding protein SPEN-a required component of gene repression. 79 
Approaches to Perturbing lncRNAs
Knockdown or overexpression studies of lncRNAs can be some of the most frustrating or rewarding experiments during a quest to characterize a given lncRNA. Multiple different approaches can be used in perturbing specific lncRNAs (Figure 4 ). Many lncRNAs regulate transcriptional outputs in cis and, therefore, do not function in exogenous overexpression studies, even with appropriate vector modification that renders the expressed transcript identical to endogenously derived one. A few studies have tried to overcome this constraint by using the λN -Gal4 system to enhance the overexpression of lncRNA in cis. 22, 80 In addition, the use of RNAi (RNA interference) has notable limitations for the study of lncRNAs. For one, many lncRNAs are expressed at low levels and are predominantly localized in the nucleus, which can limit the efficacy of knockdown. 81 In addition, RNAi requires machinery, which can produce off-target effects.
More recently, ASOs with appropriate modifications, such as a methylene bridge between the 2′ oxygen and the 4′ carbon (LNAs [locked nucleic acid]), have become readily available. 82 In addition, newer generation ASOs allow spatial control of target delivery. For example, triantennary N-acetyl galactosamine has potent affinity for liver. 83 Because there are currently >40 human diseases being investigated with ASO-based therapeutics, including cardiometabolic diseases, it is likely that we will witness continued improvements in ASO design, including versatile delivery, higher potency and specificity, and reduced toxicity. 84 An advantage of ASO reagents is that they do not require transfection reagents and can be used in vivo without the need to package into an appropriate delivery vector. Several important caveats should be considered when using ASOs to induce a loss-of-function model. First, it is important to screen multiple ASO or LNA target sites because lncRNAs can form secondary structures that may substantially influence knockdown efficiency depending on site. UNAfold is an example of software analysis that predicts secondary structure in lncRNAs and can assist with targeting sequence design. 85 In addition, longer lncRNAs can in theory exhibit retained functional lncRNA fragments even with seemingly efficient knockdown.
Genetic manipulation is rapidly becoming the gold standard in lncRNA perturbation experiments. Although zinc finger 86 and Talen 87 technologies have been used, CRISPR-CAS (clustered regularly interspaced short palindromic repeats-CRISPR-associated protein)-based modification of lncRNA expression has dominated in recent years. 34, 35 Advantages of CRISPR over RNAi include improvement in the degree of loss-of-function, improved specificity, and the ability to modulate gene expression in cis. 88 CRISPR activation has also been used. Recent work described CRISPR-display, which deploys functional RNA domains to specific genome loci. 89 A detailed discussion of approaches of using CRISPR to study lncRNAs in vivo is included below.
Recent work from the Lander laboratory has provided important framework for understanding the contributions of lncRNAs in gene regulation, as well as strategies for manipulating lncRNAs. 90 By using CRISPR-based loss-of-function approaches in mouse cell lines, the authors showed that ≈50% of lncRNAs influence the expression of neighboring proteincoding genes. More strikingly, these effects were largely independent of the lncRNA sequence. Of course, protein-coding promoters may influence the expression of neighboring genes as well, so this issue is not distinct to noncoding genes. A CRISPR activation screen from the same group also found 11 lncRNAs that mediate resistance to BRAF (B-Raf proto-oncogene, serine/threonine kinase) inhibitors and that most of them seem to function by influencing their local transcriptional environment. 91 These results highlight the fact that neighboring gene regulation by lncRNAs may be more common and more complex than thought previously. It is clear that multiple approaches may be required to glean the mechanism of action for a given lncRNA and assess its potential contributions to local gene regulation.
Knockout Mouse Generation
Although multiple lines of evidence implicate lncRNAs in a range of developmental processes and diseases, few lncRNA loss-of-function studies have yielded robust phenotypes or demonstrated that proposed mechanisms are operative in vivo. 92 Because many lncRNAs are thought to function in dose compensation responses, it is certainly conceivable that their effects could be offset by compensatory mechanisms in lossof-function animal models. However, this limitation should not preclude the study of lncRNAs in vivo. Animal models can provide invaluable insight into the physiological role of an lncRNA and its contribution to disease. However, because lncRNAs by definition do not code for proteins, one cannot simply target an open reading frame or excise a small fraction of the transcript because it may not necessarily render the transcript inactive. Targeting design is thus critical.
The idea that lncRNAs can act as epigenetic modifiers is now supported by a wealth of studies. 2, 92 Many lncRNAs function in cis, and, although some have transcript-specific actions, it is often challenging to uncouple RNA-specific effects from cis-acting genome elements. Indeed, this idea is supported by experimental evidence showing that lncRNA promoters can regulate their neighboring proteincoding genes. 90, 93 This certainly has important implications for knockout mouse generation. The use of zinc finger or CRISPR-based approaches that delete substantial portion of the genomic loci may be impacting cis-acting elements. More recently, the use of an early polyA termination sequence has been used to halt transcription. 86, 94 An elegant study from the Olson laboratory used this approach to generate a knockout of the lncRNA upperhand showing that blocking upperhand transcription abolished Hand2 expression and led to right ventricular morphological defects and lethality. 94 This approach in theory minimally disrupts local genetic architecture. However, it should be noted that altering the grammar of genome topology even without influencing enhancer elements can also impact local transcriptional outputs. As outlined by Levine et al, 95 changing the spacing between enhancers while keeping enhancer structure intact dramatically influenced eve stripe development in drosophila. Therefore, genome inactivation strategies that seemingly offer minimal disruption to coding or noncoding genes may still have a profound effect on local cis-acting elements. Approaches that allow spatiotemporal control of gene expression have been applied to lncRNAs. For example, Srivastava et al 96 have taken advantage of lox-P strategies to determine the role of the H19 noncoding locus in Igf2 imprinting. Chang et al 97 used flox recombination to disrupt the lncRNA Hotair in a contextspecific fashion.
Although current technology has some utility in the study of lncRNA, it is only offering good enough solutions. With further technical advances, ideal lncRNA loss-of-function models may be on the horizon. For example, CRISPRi is a versatile platform that is extending initial CRISPR approaches in promising directions. A modified catalytically dead cas9 can block gene transcription without modifying genome elements in an RNA guide-dependent manner. 98 The same approach can be used to activate transcription by fusing a transcriptional activator to cas9.
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Conservation Across Species
A fundamental premise in biological systems is that conservation equals importance. However, lack of conservation should not necessarily invoke a lack of function. It is well established that the majority of lncRNAs do not show evidence of strong sequence conservation. This suggests that nature exerts variable evolutionary pressure between mRNA and lncRNAs. Indeed, systemic interrogation shows that lncRNA exons evolve faster than exons of protein-coding genes. 20, 100 Several studies showed elements of conservation of lncRNAs across species whether it be location, sequence, or structure conservation. 101 For example, myocardial infarction-associated transcript, also known as Gomafu, is an lncRNA associated with increased risk of myocardial infarction in Genome-Wide Association Studies and shows sequence conservation with rodents. 102, 103 Several other lncRNAs, such as HOTAIR, 104 Xist, 105 and Evf2, 106 exhibit clear functional roles in various species, yet exhibit poor mammalian sequence conservation. 107 Interestingly, previous work comparing human and zebra fish lncRNAs showed functional resemblance, despite sequence dissimilarity. 108 Additionally, it should be noted the presence of sequence conservation may not always predict functions in other species. Malat1 is a moderately conserved and highly abundant lncRNA that seems to have different roles in mice and humans. 109 Identifying an orthologue of an lncRNA can be a daunting task, but sequence similarity is only one component of crossspecies comparative analysis. For example, some lncRNAs may show location or promoter conservation. 108 In addition, examination of secondary structure of lncRNAs can provide important clues. Several databases automate the retrieval of homologs across species, including PLAR, 110 lncRNAdb, 111 and NONCODE.
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New Emerging Themes in RNA Biology
The identification of lncRNAs as functional units represent only one facet of the current revolution in RNA biology. An additional layer of gene expression control has now become apparent with the recognition of endogenous RNA modifications, which can serve as powerful on/off switches of biological function. These modifications can occur in both mRNA and lncRNAs. For example, several studies have shown that the RNA modification m6A contributes dramatically to RNA function, including influencing transcriptional repression by Xist. 112 The same RNA signature can exert powerful effects on progenitor cell specificity and function. 113 More recently, Werner et al 114 described a unique class of lncRNAs based on their chromatinbinding features known as cheRNAs. The CheRNA HIDALGO (hemin-induced cheRNA downstream of fetal hemoglobin) stimulates the fetal HBG1 gene during erythroid differentiation by promoting contacts to a downstream enhancer. Finally, multiple lines of evidence have implicated circular RNA in cardiovascular disease. Circular RNA can be exon or intron produced and are circularized by joining the 3′ and 5′ ends. Just like lncRNAs, they can have diverse functional mechanisms, including regulating transcription, splicing and processing, and acting as sponges. An example is the circular RNA ANRIL (antisense noncoding RNA in the INK4 locus), which affects atherogenesis by acting as a scaffold to prevent ribosomal RNA function. 115 Although circular RNAs can be challenging to interrogate because they are not captured by poly-based sequencing methods, their study has filled a substantial gap in mechanisms orchestrating cardiovascular disease. 116 Thus, epigenetic modification is no longer a term that is restricted to DNA/chromatin interrogation. Continued exploration of post-transactional RNA modifications will likely yield novel insight into biological disease mechanisms in cardiovascular disease.
Future Perspective and Conclusions
The discovery of lncRNAs has had a transformative impact on our understanding of disease-regulatory circuits and catalyzed the development of technical advances in molecular interrogation techniques. As more and more lncRNAs are linked to cardiovascular physiology, important questions remained to be addressed before we can fully harness the therapeutic potential of these novel biological modulators. For one, how lncRNAs are targeted to specific genetic loci remains poorly understood. Indeed, the temporal-spatial specificity of lncRNA effects is particularly mystifying given that a large number appear to interact with highly promiscuous factors, such as PRC2 (polycomb repressive complex 2). 117 The biochemical and structural basis for why some lncRNAs that resemble mRNAs are retained in the nucleus is also mysterious. Finally, an important bottom line question is: can we leverage the diagnostic or therapeutic potential of lncRNA to advance human health? Although this has been an elusive goal, promising translational efforts are not far behind.
